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In immersive virtual reality, the own body is often visually represented by an avatar.
This may induce a feeling of body ownership over the virtual limbs. Importantly,
body ownership and the motor system share neural correlates. Yet, evidence on
the functionality of this neuroanatomical coupling is still inconclusive. Findings from
previous studies may be confounded by the congruent vs. incongruent multisensory
stimulation used to modulate body ownership. This study aimed to investigate the
effect of body ownership and congruency of information on motor performance in
immersive virtual reality. We aimed to modulate body ownership by providing congruent
vs. incongruent visuo-tactile stimulation (i.e., participants felt a brush stroking their
real fingers while seeing a virtual brush stroking the same vs. different virtual fingers).
To control for congruency effects, unimodal stimulation conditions (i.e., only visual or
tactile) with hypothesized low body ownership were included. Fifty healthy participants
performed a decision-making (pressing a button as fast as possible) and a motor task
(following a defined path). Body ownership was assessed subjectively with established
questionnaires and objectively with galvanic skin response (GSR) when exposed to
a virtual threat. Our results suggest that congruency of information may decrease
reaction times and completion time of motor tasks in immersive virtual reality. Moreover,
subjective body ownership is associated with faster reaction times, whereas its benefit
on motor task performance needs further investigation. Therefore, it might be beneficial
to provide congruent information in immersive virtual environments, especially during the
training of motor tasks, e.g., in neurorehabilitation interventions.
Keywords: body ownership, embodiment, agency, incongruent information, motor performance, immersive
virtual reality, multisensory information
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INTRODUCTION
In neurorehabilitation therapy, movements are often trained —
e.g., with robotic support (Marchal-Crespo and Reinkensmeyer,
2009) — by visualizing the task in virtual reality (VR). VR
has a great potential for neurorehabilitation, as it allows to
mimic various activities of daily living in realistic or imaginary
environments that can be adapted to the patients’ special
needs, providing a motivating (Perez-Marcos et al., 2018), safe
(Marchal-Crespo and Reinkensmeyer, 2008), and consistent
environment (Rose et al., 2005). During conventional VR-
based neurorehabilitation practice, the virtual environment (VE)
is usually displayed on a computer screen. Within this two-
dimensionally represented VE, patients interact via a symbolic
virtual representation of their limbs (e.g., a cursor), drawing
patients’ attention away from their real limbs (Wenk et al., 2019).
Thus, the transfer of (re)trained skills into activities of daily living
may be limited, because the movements and interactions trained
in conventional VR-based neurorehabilitation interventions are
far from those required in everyday life (de Mello Monteiro et al.,
2014; Bezerra et al., 2018).
Within the last years, low-cost head-mounted displays
(HMDs) have been made commercially available. HMDs allow a
more realistic and immersive VR experience where the symbolic
virtual representation of the users’ limbs may become a realistic
self-representation (i.e., avatar) at a first-person perspective,
promoting that the user “adopts” the virtual body and perceives
it as becoming the own body. In VR, a sense of embodiment
is experienced if the avatar’s body is — at least partly —
processed like one’s own (artificial) body (Kilteni et al., 2012).
Embodiment comprises three subcomponents: body ownership,
agency, and self-location (Longo et al., 2008; Kilteni et al.,
2012). Body ownership describes the feeling that the virtual body
and/or its limbs are part of and belonging to oneself (Blanke,
2012) and results from the integration and interpretation of
multimodal sensory information, e.g., visual and somatosensory
signals (Botvinick and Cohen, 1998; Maravita et al., 2003; Ehrsson
et al., 2004). Self-location describes the experienced location
of the body in space (Blanke, 2012). Agency indicates the
sense of initiating and being in control of one’s own actions
(Braun et al., 2018).
Importantly, body ownership and the motor system share
neural correlates, namely in frontal brain regions associated
with motor control and movement planning (Wise, 1985; see
also Tsakiris, 2010 for a review). For example, fMRI studies
found that the bilateral activity in the ventral premotor cortex
correlated with the strength of the feeling of ownership over
a rubber hand (Ehrsson et al., 2004, 2005) and real own
hand (Gentile et al., 2013). Additionally, support for a causal
involvement of the premotor cortex in the feeling of body
ownership was demonstrated. Dynamic causal modeling of EEG
(Zeller et al., 2016) and fMRI data (Lee and Chae, 2016) showed
that the connectivity between sensory (occipital and parietal)
and premotor areas was influenced by the feeling of body
ownership. Further, clinical literature implies that disorders in
the feeling of body ownership are associated with deficits in
frontal motor control. Stroke patients with lesions affecting
connections to and from the ventral premotor cortex showed
impaired ability to embody a rubber hand compared with
healthy participants (Zeller et al., 2011). Altered processing in
the premotor and somatosensory cortices was also associated
with the feeling of disownership over own limbs in participants
with body integrity identity disorder (van Dijk et al., 2013) and
anosognosia, i.e., the denial of a diagnosed motor or sensory
impairment of limbs in stroke patients (Berti et al., 2005).
Taken together, a number of experimental studies in healthy and
clinical population supports the notion that the feeling of body
ownership relies on frontal brain structures known to be engaged
in motor control and planning.
However, to date, less is known about the functional relevance
of this neuroanatomical coupling between body ownership and
the motor system. Previous studies suggest that body ownership
may interact with motor performance (Grechuta et al., 2017,
2019; Shibuya et al., 2018a). In these studies, body ownership over
an artificial/virtual hand is induced mostly through congruent
visuo-tactile stimulation of the real and an artificial/virtual hand
— i.e., rubber hand illusion (RHI; Botvinick and Cohen, 1998)
or virtual hand illusion (VHI; Slater et al., 2008). Neuroimaging
studies found enhanced activation in the motor system when
participants observed spontaneous movements of an embodied
virtual hand (Shibuya et al., 2018b). Moreover, this neural
activation correlated with the reported feeling of body ownership,
and participants tended to imitate the movements of the virtual
hand, at least to initiate the movement. However, only a few
behavioral studies have investigated if high vs. low levels of body
ownership enhance motor performance. Grechuta et al. (2017)
modulated participants’ body ownership over a virtual hand
through congruent vs. incongruent visuo-tactile information
— i.e., by a brush stroking the fingers — while participants
performed a sensorimotor decision-making task. Whenever the
brush stroked the index finger, participants had to press as
fast as possible a button with the other (non-embodied) hand.
Faster reaction times were associated with higher levels of
body ownership. Further studies investigated the relationship
between motor performance and body ownership in more
complex motor tasks in VR. In Grechuta et al. (2019), authors
measured performance in an air-hockey-like task in VR while
either congruent or incongruent task-related auditive feedback
was provided. Their results imply that incongruent auditive
information led to worse motor performance and lower levels
of body ownership. Shibuya et al. (2018a) altered the level
of body ownership through visuo-motor feedback delays while
participants draw a circle with a given speed. They observed that
with an increasing visual delay, motor performance worsened,
and body ownership decreased.
Together, the few studies investigating the potential benefits
of embodiment on behavioral measures seem to support the
notion of a functional link between body ownership and motor
performance. However, none of the cited studies controlled
for congruency of multisensory task-relevant information
(Grechuta et al., 2017; Shibuya et al., 2018a). Previous studies
modulated the level of body ownership by the congruency
of multisensory stimulation; therefore, lower body ownership
levels would be associated with the provision of incongruent
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information and higher levels of body ownership with congruent
information — but not vice versa. This is an important limitation
since exposition to incongruent, competing information may
enhance task difficulty, for instance reflected in slower reaction
times compared to congruent and unimodal information
(e.g., MacLeod, 1991; Kerns et al., 2004). Hence, it remains
unclear how congruency (or incongruency) effects confounded
previous results on the influence of body ownership on motor
performance. Furthermore, previous findings may also be limited
because no motor tasks were employed (Shibuya et al., 2018b)
or simple sensorimotor decision-making tasks were performed
with the non-embodied hand (Grechuta et al., 2017). Finally, the
assessment of body ownership varies across studies. Embodiment
is usually assessed with questionnaires (e.g., Botvinick and
Cohen, 1998; Grechuta et al., 2017, 2019; Shibuya et al., 2018a,b).
However, standardized and validated scales barely exist. Longo
et al. (2008) used a psychometric approach to identify how
various items describing different subjective experiences related
to embodiment are associated with its subcomponents. They
revealed that an item commonly used to assess body ownership
(Botvinick and Cohen, 1998; Lenggenhager et al., 2007; Petkova
and Ehrsson, 2008; Slater et al., 2010; Grechuta et al., 2017) may
rather be related to the location component. Further, objective
metrics of embodiment were often not included in previous
studies (e.g., Shibuya et al., 2018a,b). For example, galvanic skin
response (GSR) has shown to be a valid method to measure
the level of body ownership in an objective manner. GSR is
a sensitive measure of implicit activation of the autonomous
nervous system reflecting psychological arousal and has been
shown to be modulated by the increased stress reaction when the
embodied vs. non-embodied artificial or virtual limb is exposed
to a threat (Armel and Ramachandran, 2003; Ferri et al., 2013;
Grechuta et al., 2017, 2019).
In the present study, we investigated in 50 healthy participants
the potential benefits of virtual body ownership on motor
performance in a simple sensorimotor decision-making task
with the non-embodied hand (Task 1) and a complex motor
task performed with the virtual hand (Task 2). We aimed to
modulate the level of body ownership without affecting agency
or location. We provided congruent vs. incongruent visuo-tactile
stimulation, i.e., participants felt a brush stroking their real
fingers while seeing a virtual brush stroking the same vs. different
virtual fingers. Importantly, to control for congruency effects,
unimodal conditions were added to the experimental protocol.
In these unimodal conditions with expected low body ownership,
participants could either only see (but not feel) or only feel
(but not see) a brush stroking their fingers. We hypothesize
that participants in the congruent condition would experience
a higher level of body ownership compared to the incongruent
and unimodal conditions due to multisensory integration. We
also expect a reinforced feeling of body ownership in the motor
task compared with the decision-making task due to additional
synchronous visuo-motor information. Moreover, we expect
that the level of body ownership will be associated with faster
reaction times (Task 1) and enhanced motor performance (i.e.,
higher accuracy and faster movements in Task 2) due to the
neuroanatomical coupling of body ownership and the motor
system. Finally, we hypothesize that participants in the congruent
and unimodal conditions will be faster in the sensorimotor
decision-making task and perform better in the motor task




A total of 56 healthy young participants were recruited from the
campus of the University of Bern, Switzerland. Six participants
had to be excluded due to data recording problems with the
response box. The 50 participants (35 females, 15 males) included
in the study were between 19 and 33 years old (M = 25.06,
SD = 3.43). All participants were right-handed according to
a short version of the Waterloo Handedness Questionnaire
(Boucher et al., 1996), and reported normal or corrected-to-
normal vision. Participants were naive to the hypotheses of
the experiment and none reported to have participated in an
RHI/VHI experiment before. The study was approved by the
local ethics committee and all participants signed a written
informed consent before starting the experiment. Participants
were pseudo-randomly assigned to one of five experimental
conditions, balanced for gender (7 females and 3 males per
condition). Forty-four participants absolved the experiment
in German, six in English. The used language was equally
distributed across the conditions.
Experimental Setup
Material
A head-mounted display (HTC Vive, HTC, Taiwan & Valve,
United States) and two controllers (HTC Vive, Taiwan & Valve,
United States) were employed in the VR setup. A 4-button
response box (The Black Box ToolKit Ltd., United Kingdom)
recorded the reaction times during the first experimental block
and was used by the participants to answer the questionnaires
in VR (Figure 1A). Galvanic skin response (GSR) was measured
continuously during the whole experimental session with two
electrodes attached to the ring and middle fingers of the left hand
(g.Sensor, g.tec Medical Engineering GmbH, Austria).
Virtual Environment and Avatar
The VE was built in Unity game engine (version 2018.3.0f2;
Unity Technologies, United States). A male and a female avatar
were designed in MakeHuman, an open source software (version
1.1.11). Participants saw the gender-matched avatar from a first-
person perspective. During the first part of the experiment (Task
1, see section “Tasks and Experimental Procedure”), the avatar’s
right arm was not animated (Figure 1B). In the second part (Task
2), participants received an HTC Vive controller to hold in their
right hand (Figure 1C). The avatar’s right arm was animated
by employing the position and orientation of the controller and
using Unity’s Inverse Kinematics on the shoulder, elbow, and
wrist. The avatar’s left arm was rendered in a way that the hand
1http://www.makehumancommunity.org
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FIGURE 1 | Experimental setup and VE. (A) A participant performing Task 1. Her index finger is stroked in a congruent mode and her left hand is on the response
box. The blue dot seen on the virtual finger on the researcher’s screen indicates to the researcher which finger to stroke. By pressing the trigger button on the
controller, the virtual brush appears. The virtual brush moves accordingly to the real brush attached to the controller and disappears as soon as the fingertip is
reached. (B) Participant’s first-person perspective point of view in the VE during Task 1. The blue dot is not visible. (C) Participant’s first-person perspective point of
view in the VE during Task 2. (D) Overview of the VE, including the female version of the avatar.
was located under the virtual table. Therefore, the avatar’s left arm
was neither animated nor visible in the VE (Figure 1D). The VE
consisted of a virtual living room (adapted from ArchVizPRO,
Italy) but to minimize distractions, the participants were facing a
virtual white wall during the tasks.
Tasks and Experimental Procedure
Visuo-Tactile Information
Participants received visuo-tactile stimulation, i.e., they could
feel and/or see a paintbrush stroking the fingers of the right
virtual and/or real hand (Figure 1). The brush moved from
the knuckle to the fingertip. To synchronize the stroking of the
real and the virtual fingers, the real brush was attached to an
HTC Vive controller. Pressing the trigger button of the controller
led to the visual appearance of the virtual brush, which moved
according to the real brush and disappeared as soon as the
fingertip was reached. The virtual stroking lengths were scaled to
the participant’s fingers lengths, which were measured before the
experiment started. Every finger stroking trial had a duration of
approximately 1.4 s, followed by a random time interval between
1 and 3 s before the next finger was stroked. The congruency and
amount of sensory information (i.e., unimodal vs. multimodal)
were modulated across five experimental conditions (see section
“Experimental Conditions”).
Experimental Procedure
The whole experiment was completed in a single session of
55 min. The experiment consisted of two experimental blocks
(Figure 2) during which participants performed two different
tasks (Task 1: sensorimotor decision-making; Task 2: motor task,
see below) while continuously being immersed in the VE with
the HMD. Participants received visuo-tactile stimulation during
Tasks 1 and 2, and additional visuo-motor synchronous feedback
only during Task 2.
Before being immersed in the VE, participants were seated at
a table with their right hand placed at a marked position in front
of them to ensure a matching position between the real hand
and the avatar’s hand. Participants were instructed not to move
their right hand during the first block. Before starting the task,
participants could visually explore the VE. After the first block,
an HTC Vive controller was handed to the participants while the
VE faded to black in order to not abruptly break the embodiment
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due to the change of the visual appearance of the avatar (see
Figures 1B,C). Before receiving the controller, participants were
presented with an image showing how to hold it to ensure
a matching position between the real and the avatar’s hand
(Supplementary Material 1). Participants were then instructed to
move their right hand/arm with respect to the task instructions.
Both blocks started with a baseline questionnaire to assess the
initial subjective level of body ownership (BA-Q; see Table 1).
Directly after the tasks, a threat, i.e., a virtual knife, fell
from above the vision field and stabbed the virtual hand.
The knife and wound disappeared after 2.2 s. After a break
of 60 s, participants answered the embodiment questionnaire
(EM-Q; see Table 2). All participants performed the two
blocks in the same order. We expected that the visuo-motor
FIGURE 2 | Experimental procedure and task instructions. (A) Block 1:
Decision-making task. (B) Block 2: Motor task.
TABLE 1 | Baseline Questionnaire (BA-Q).
Body ownership
Q1 It seems like the virtual hand is my hand.
Q2 It seems like the virtual hand is part of my body.
Control items
Q3 It seems like I have more than two hands.
Q4 It seems as if my real hand is becoming virtual.
Distractors
Q5 It seems as if the virtual living room is real.
Q6 It seems as if I am present in the virtual living room.
Q7 I like the virtual living room.
Q8 I feel comfortable in the virtual living room.
Q1-4 (Longo et al., 2008); Q5-8 (self-generated).
TABLE 2 | Embodiment Questionnaire (EM-Q).
Body ownership
Q1 It seemed like the virtual hand was my hand.
Q2 It seemed like the virtual hand was part of my body.
Q3 It seemed like I was looking directly at my own hand.
Q4 It seemed like the virtual hand belonged to me.
Location
Q5 It seemed like my hand was in the location where the virtual
hand was.
Q6 It seemed like the touch I felt was caused by the paintbrush
touching the virtual hand.
Agency
Q7 It seemed like I was in control of the virtual hand.
Q8 It seemed like I was causing the movements I saw.
Disownership/ Loss of own hand
Q9 It seemed like the experience on my real hand was less
vivid than normal.
Q10 It seemed like I could not really tell where my real hand was.
Control items
Q11 It seemed like I had more than two hands.
Q12 It seemed as if my real hand was becoming virtual.
Q13 It seemed as if the virtual hand was drifting toward my real
hand.
Q14 It seemed as if the virtual hand was controlling me.
Q1-7, Q10-12 (Longo et al., 2008); Q8, Q13 (Kalckert and Ehrsson, 2012); Q9
(Bassolino et al., 2018); Q14 (Kalckert and Ehrsson, 2014).
synchronous feedback in the motor task would additionally
enforce the level of body ownership, and attempted to avoid
confounds on the decision-making task. Task instructions
(Supplementary Material 1) and questionnaires were presented
in the VE to keep them standardized and to facilitate
immersion. The items of the questionnaires appeared in a
randomized order.
Block 1 (Task 1: sensorimotor decision-making task)
In Block 1, the participants first performed a Baseline task:
pressing a button with their left (i.e., the non-embodied/non-
visible) index finger as soon as a virtual red sphere appeared in
front of them (30 trials). The purpose of this task was to account
for interindividual differences in reaction times (Grechuta et al.,
2017). Of note, no visuo-tactile stimulation was applied during
the Baseline task.
In Task 1, participants were instructed to press a button with
their left index finger as soon as their right (real or virtual)
index finger was stroked (see section “Experimental Conditions,”
Figure 2A, and Supplementary Material 1 for instructions).
Task 1 consisted of 150 stroking trials of which the index finger
was stroked in 30 trials. The visuo-tactile stimulation followed a
pseudorandomized sequence which was computed individually
for each participant and following the criteria (replicating
Grechuta et al., 2017): (1) the sequence was structured in sets
of five trials in which each finger was stroked once, (2) the same
finger could not be stroked twice in a row, and (3) if two adjacent
fingers were being stroked consecutively, the next finger could
not be adjacent to either of them.
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Block 2 (Task 2: motor task)
In Task 2, participants had to follow predefined paths visually
presented in the three-dimensional space (Figure 2B). A motor
trial consisted of following with the controller a path of stars
that appeared as a butterfly flew away from the path start
approximately 5 cm above the avatar’s hand. Seven different paths
were presented three times each in a randomized order, resulting
in a total of 21 motor trials.
Participants were instructed to follow the path with their right
hand as accurately and fast as possible with the knuckle of the
finger that was stroked when the butterfly appeared (see section
“Experimental Conditions,” Figure 2B, and Supplementary
Material 1 for instructions). The stars on the path disappeared
when they were passed through with the correct finger.
Additionally, participants were instructed to move continuously
and only in a forward direction, even if they would miss stars. The
speed of the flying butterfly was chosen so that it moved along
each path in 1 s, which prevented participants to catch it before
reaching the end of the path. The motor trial was completed as
soon as the butterfly at the end of the path was touched with the
correct finger and it disappeared together with the path. A green
semitransparent sphere appeared at the beginning of Task 2 and
after each path to indicate where the hand should be placed back
on the table. The sphere disappeared as soon as the hand was in
the correct position.
For the visuo-tactile stimulation, the number of fingers
that were stroked between the motor trials was randomized
between 4 and 14 fingers, with the only restriction that the
same finger was never stroked twice in a row. As participants
were holding the controller, the thumb was never stroked.
Duration and interstimulus time interval of stroking trials were
the same as in Task 1.
Experimental Conditions
Participants stayed in the same experimental condition during
both experimental blocks. Congruency and visuo-tactile
information were modulated between five experimental
conditions. In the congruent condition (C), the virtual brush
stroked simultaneously the virtual equivalent of the finger that
was stroked by the real brush and participants had to press the
button as soon as their right index finger was stroked (Task 1) or
follow the butterfly with the knuckle of the finger on which the
brush was stroked (Task 2). In the congruent condition, the task
instructions did not specify whether participants should react to
the felt (real) or visually perceived (virtual) brush stroking (see
Supplementary Material 1 for instructions). In the incongruent
conditions, the virtual brush visually stroked another finger than
the real brush, following the same pseudorandomized sequence
as described above, and with the additional restriction that the
virtual brush could not visually stroke the same finger as the
real brush on the real hand. In the incongruent haptic condition
(IH), the participants had to react to the haptic information
applied by the real brush, i.e., press the button as soon as they
felt that their right index finger was stroked/follow the butterfly
with the knuckle of the finger on which they felt the brush. In the
incongruent visual condition (IV), they had to react to the visual
information provided by the virtual brush, i.e., press the button
as soon as they saw that their virtual right index finger was
stroked/follow the butterfly with the finger on which they saw the
brush. In the only visual condition (OV), the participants could
only see the virtual brush, but the real fingers of the participants
were not stroked. Participants were instructed to press the
button as soon as they saw that the virtual right index finger
was stroked/follow the butterfly with the finger on which they
saw the brush. In the only haptic condition (OH), participants
could feel the real brush stroking their fingers, but no virtual
brush was displayed. In this condition, participants had to press
the button as soon as they felt that their right index finger was
stroked/follow the butterfly with the knuckle of the finger on




The subjective feeling of body ownership (BO) was measured
at baseline at the beginning of both experimental blocks using
two items (Q1 and Q2; BA-Q, Table 1) and after Task 1 and 2
using two additional items (Q1 – Q4; EM-Q, Table 2) from an
established questionnaire (Longo et al., 2008). At baseline, only
two BO items were included, to not bias participants toward
body ownership. Additionally, the two items were masked by
two control and four distractor items (BA-Q, Table 1). After
Task 1 and 2, items assessing location, agency, and disownership,
as well as control items were presented together with the body
ownership items (EM-Q, Table 2). The total eight (BA-Q) and
14 (EM-Q) items, respectively, were rated on a 7-point Likert
scale from−3 (strongly disagree) to 3 (strongly agree) with a “not
answerable” option.
To quantify subjective body ownership at baselines and after
Task 1 and 2, the mean of Q1 – Q2 and Q1 – Q4 were
calculated, respectively (BO-Baseline; BO-Task). To assess how
body ownership may change over time during the experiment,
body ownership difference (BO-Diff) was defined as the mean
of Q1 and Q2 at baseline subtracted from the mean of the same
questions after Task 1 and 2.
Of note, item Q6 (“It seemed like the touch I felt
was caused by the paintbrush touching the virtual hand.”),
assigned to the subscale location according to Longo et al.
(2008) was used to measure body ownership in the study
conducted by Grechuta et al. (2017).
Objective body ownership
The objective level of body ownership was assessed by galvanic
skin response (GSR) when the virtual limb was exposed to
the virtual knife.
The continuous GSR data was cut into epochs with time
windows from 10 s pre- to 10 s post-stimulus onset (knife
appearance) for each participant and condition. The resulting
time-series were interpolated to achieve a constant sampling rate
of 20 Hz and filtered with a zero-lag fourth-order Butterworth
low pass filter with a 5 Hz cut-off frequency. The 10 s before threat
appearance were defined as baseline and the mean of the signal
during this time window was subtracted at each time point from
the data after stimulus onset.
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Two different features were extracted from the GSR raw
data: the GSR-peak, identified as the maximum value within 5 s
post-stimulus; and the GSR-mean, defined as the average signal
strength (i.e., integral of the curve) 5 s post-stimulus onset as GSR
usually reach maximum values between 1 and 5 s after stimulus
onset (Armel and Ramachandran, 2003; Ma and Hommel, 2013).
Task Performance
Reaction times (RTs; Task 1)
The RTs in Task 1 were computed as the time interval between
the initialization of the stroking trial by the researcher and the
participant’s button press on the response box, averaged for
each participant and condition. To check for potential fatigue
or training effects, mean RTs for Task 1 were binned and
calculated for early, middle, and late trials (1/3 of the total amount
of trials each).
To account for interindividual differences in reacting to
stimuli, the baseline RTs were subtracted. Further, the first
trial of the Baseline task and Task 1 were considered as
familiarization trials and, therefore, disregarded from the
analyses. Outlier trials (more than+/−2.5 SDs from participant’s
RTs mean) were excluded.
Motor performance (Task 2)
Motor performance was quantified by calculating the accuracy
and completion time in each motor trial in Task 2. The analyzed
movements comprised the participant’s performed paths between
the starting point of the defined path and the disappearance
of the butterfly when the participant reached it at the end
of the path. The overall accuracy was calculated as the mean
absolute trajectory error between the participant’s movement
trajectory and the defined path, and averaged over all trials
per participant and condition — i.e., higher trajectory errors
indicate lower accuracy. The completion time was calculated
as the time between reaching the path starting point until the
butterfly disappeared, and was averaged for each participant
and condition. Since the paths had different lengths, the
completion time was normalized with respect to the length of the
corresponding path.
Sometimes participants did not catch the butterfly directly
when reaching the end of the defined path, resulting in high
trajectory errors (low accuracy) and a distorted SD of the
corresponding participants. Therefore, trials were excluded if
the trajectory error was higher than 1.5 times the interquartile
range according to Tukey fences (Hoaglin, 2003). These identified
outlier trials were disregarded from all analyses.
Further, to check for training effects or potential fatigue,
mean accuracy and completion time were binned and calculated
for early, middle, and late trials (1/3 of the total amount
of trials each).
Data Analysis
Statistical analyses were processed with Python 3.7.0 using
the library SciPy 1.1.0 and additional packages from R 3.5.1.
A significance threshold of α = 0.05 was chosen for all analyses. As
all data fulfilled normality according to Kolmogorov-Smirnov’s
test, and homoscedasticity according to Levene’s test, we used
parametric tests. Where applicable, post-hoc pairwise t-tests were
performed to compare levels of factors. If not otherwise stated,
the Tukey method was used to correct for multiple comparisons.
Subjective Body Ownership and Agency
To analyze whether the reported mean levels of body ownership
(BO-Baseline, BO-Task, BO-Diff), control items at baselines and
after Task 1 and 2 (BA-Q and EM-Q), and agency (EM-Q after
Task 2) differed across conditions, one-way ANOVAs with the
between-subject factor Condition (Congruent (C), Incongruent
Visual (IV), Incongruent Haptic (IH), Only Visual (OV), Only
Haptic (OH) were computed.
Objective Body Ownership
Potential differences between conditions of the continuous
GSR signal after the threat appearance were analyzed with 1-
dimensional statistical parametric mapping (1D SPM; Pataky,
2012) with Python package spm1d 0.4. The GSR time-series data
10 s after the threat was considered as the dependent variable.
SPM tests for differences across the time, correcting for multiple
comparisons using Random Field Theory.
One participant whose GSR did not reach a threshold value
of + or – 0.03 microSiemens within 5 s after threat in neither
Block 1 nor Block 2 was defined as a non-responder and excluded
from the GSR analyses of both blocks (Armel and Ramachandran,
2003). Additionally, participants with a GSR-mean 10 s post-
threat window higher or lower than 2.5 SDs from all participants
mean within the same condition were further excluded (e.g.,
Grechuta et al., 2017). This concerned one participant in Block 1.
Relationship Between Objective and Subjective BO
To study the relationship of subjective and objective body
ownership, Pearson product-moment correlations between each
participant’s questionnaire (BO-Task) and GSR measures (GSR-
peak and GSR-mean) were computed.
Reaction Times (RTs) and Motor Performance
A one-way ANOVA with the factor Condition (C, IV, IH,
OV, OH) was performed to investigate potential differences in
RTs in the Baseline task across conditions. Two-way mixed
ANOVAs with the between-subject factor Condition and the
within-subject factor Trials (early, middle, late) were computed
to analyze effects on performance measurements (RTs, accuracy,
and completion time).
Relationship Between BO (and Agency) and
Performance
To analyze how subjective body ownership (BO-Task and BO-
Diff) was associated with overall RTs (Task 1) and overall motor
performance measures (accuracy and completion time; Task 2),
correlation analyses between each participant’s questionnaire and
performance measure were computed using Pearson product-
moment correlation coefficients.
Because of the strong correlation between BO-Task and agency
across all conditions in the experimental Block 2 [r(48) = 0.45,
p = 0.001], we additionally evaluated the correlation between
the performance measures (accuracy and completion time) with
the agency score.
Frontiers in Neuroscience | www.frontiersin.org 7 July 2021 | Volume 15 | Article 678909
fnins-15-678909 July 6, 2021 Time: 10:41 # 8
Odermatt et al. Body Ownership and Motor Performance
Correlations were computed: (1) over all conditions,
and (2) separately for incongruent conditions (IV, IH) and
congruent/unimodal conditions (C, OV, OH).
Differences Across Experimental Blocks
Differences across the two experimental blocks for BO-Baseline
and BO-Task were analyzed with a two-way mixed ANOVA with
within-subject factor Block (Block 1, Block 2) and the between-
subject factor Condition.
To analyze whether the overall RTs in Task 1 were associated
with performance measures (accuracy and completion time)
in Task 2, correlation analyses were computed using Pearson
product-moment correlation coefficients.
RESULTS
Within this section, all statistical tests with p < 0.05 are reported.
If there was a clear directed a priori hypothesis, additional one-
sided significant statistical tests with p < 0.10 are reported. Non-
significant statistical tests are listed in Supplementary Material 2.




Regarding the reported body ownership (BO) values before
the Baseline task (BO-Baseline), one-way ANOVA revealed a
significant effect of Condition [F(4,45) = 2.59, p = 0.05], whereby
pairwise comparisons of conditions did not differ significantly.
No significant differences in body ownership after Task 1 (BO-
Task) were found between conditions. In contrast, there was
a significant main effect of Condition on the body ownership
change from baseline to after Task 1 [BO-Diff; F(4,45) = 3.10,
p = 0.02]. The level of BO in the OH condition increased
more strongly than in the incongruent haptic (IH) condition
[Figure 3A; IH – OH: t(45) =−3.24, p = 0.02].
There were no differences in the control items between
conditions, neither at baseline nor after the tasks.
Objective body ownership
In the time window of 10 s after threat, differences of GSR
between the conditions using SPM did not reach significance.
Further, the objective (GSR-mean, GSR-peak) and subjective
measures of BO (BO-Task) were not related.
Task Performance
No differences in reaction times between conditions were found
in the Baseline task.
The two-way ANOVA revealed a main effect of Condition
on the reaction times (RTs) during Task 1 [F(4,45) = 16.70,
p < 0.001]. Participants in incongruent conditions showed slower
RTs compared to the unimodal conditions of the corresponding
modality [Figure 3B; IH – OH: t(45) = 4.13, p = 0.001; IV – OV:
t(45) = 2.76, p = 0.06]. Further, conditions reacting on haptic
stimulation were significantly slower than those responding
on visual information [IH – IV: t(45) = 5.01, p < 0.001;
FIGURE 3 | Results Block 1. (A) Change of body ownership from baseline to
after Task 1 (BO-Diff) per condition. Positive values indicate an increase in
subjective body ownership. (B) Mean reaction times over all trials of Task 1
per condition. The participant’s mean baseline value (from Baseline task) was
subtracted from reaction times in Task 1. IH is significantly different from all
other conditions. (C) Association of RTs during Task 1 and BO-Diff.
C = congruent; IV = incongruent visual; IH = incongruent haptic; OV = only
visual, OH = only haptic. Error bars represent standard deviation. • p < 0.10,
*p < 0.05, **p < 0.01.
OH – OV: t(45) = 3.65, p = 0.006]. Additionally, participants
in the IH condition performed slower than those in C [C –
IH: t(45) = −5.93, p < 0.001] and OV conditions [IH – OV:
t(45) = 7.78, p < 0.001]. The lack of a main effect of Trial
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indicate that, across all conditions, participants did not improve
or worsen from early to late trials. However, the significant
Condition × Trials interaction effect [F(8,90) = 2.22, p = 0.03]
revealed that participants receiving only haptic information
provided slower RT over time [OH early – middle: t(90) =−2.44,
p = 0.04, early – late: t(90) = −2.34, p = 0.05], while those
receiving incongruent haptic information improved from early
to middle trials [IH early – middle: t(90) = 2.66, p = 0.02].
Relationship Between Body Ownership and RTs
We found an association (one-sided significant) between RTs and
the change of body ownership from baseline to after Task 1 (BO-
Diff) [Figure 3C; r(48) = −0.25, p = 0.07]. This implies that an
increase of self-reported body ownership from baseline to after
the task goes in line with faster reaction times during Task 1.
We did not find a correlation between overall RTs and BO-Task
across all conditions.
Block 2: Motor Task
The performance (accuracy and completion time) of one
participant in the OH condition is higher than 2.5 SD from
the condition’s mean. To avoid our results relying on this
specific participant’s performance values, all analyses regarding
performance measures in Task 2 were performed with and
without this participant. If the significance of the results changed
after the exclusion, both results are provided. Otherwise, only the
results including all participants are reported.
Body Ownership
Subjective body ownership (and agency)
We did not find a main effect of Condition on BO-
Baseline, BO-Task, and BO-Diff (Figure 4A). Additionally,
participants reported statistically comparable levels of agency
across all conditions.
There were no differences in control items at baseline (BA-Q).
A main effect of Condition was found for the control items after
task [EM-Q; F(4,45) = 2.66, p = 0.04]. However, post-hoc t-tests
only revealed non-significant trends in differences between OV
and IH - IV conditions.
Objective body ownership
No differences of GSR between the conditions were identified in
the time window of 10 s after threat appearance. Further, BO-Task
did not correlate with GSR-mean, nor with GSR-peak.
Motor Performance
For task accuracy, the two-way mixed ANOVA revealed a
significant main effect of Trial [F(2,90) = 4.84, p = 0.01], but
no main effect of Condition and no interaction effect. Post-hoc
t-tests of the main effect showed that participants’ accuracy was
significantly lower in the early trials compared to the late trials
[Figure 4B; t(90) = 3.11, p = 0.007].
A main effect of Condition was found for task completion time
[Figure 4C; F(4,45) = 4.08, p = 0.007]. In particular, participants
in IH performed the task slower than participants in unimodal
or congruent conditions [C – IH: t(45) = −3.28, p = 0.02; IH –
OH: t(45) = 2.64, p = 0.08; IH – OV: t(45) = 3.27, p = 0.02]. No
main effect of Trial and no interaction effect between Trial and
Condition were found in task completion time.
Finally, the two measurements of motor performance
(accuracy and completion time) were not related across
all participants.
Relationship Between Body Ownership and Agency
With Motor Performance
In conditions perceiving congruent or unimodal information
(C, OH, OV), BO-Task (but not BO-Diff) was correlated with
accuracy [Figure 4D; r(28) = −0.41, p = 0.03]. The higher the
self-reported level of body ownership after the motor task was,
the higher the accuracy. Moreover, there were trends toward a
correlation between agency and accuracy [r(28) =−0.36, p = 0.05]
and between agency and completion time [r(28) = −0.36,
p = 0.05] in congruent and unimodal conditions.
However, after removing the potential outlier in the OH
condition, the correlations lost significance [BO-Task – accuracy:
r(27) = −0.10, p = 0.62; agency – accuracy: r(27) = −0.00,
p = 0.99] except for a trend for agency being associated with task
completion time [r(27) =−0.32, p = 0.09].
When taking into account all conditions and only incongruent
conditions (IV, IH), neither body ownership (BO-Task/BO-




For body ownership during baseline (BO-Baseline), the two-
way mixed ANOVA revealed a significant main effect of Block
[F(1,45) = 14.47, p < 0.001], but no main effect of Condition
and only a trend in the interaction effect between Block and
Condition. Post-hoc comparison revealed a significantly higher
subjective body ownership level at baseline of Task 2 compared to
baseline of Task 1 [t(45) =−3.80, p < 0.001].
For body ownership after tasks (BO-Task), analyses revealed
a main effect of Block [F(1,45) = 12.27, p = 0.001], but no main
effect of Condition and interaction effect. Post-hoc comparison
revealed that body ownership after the motor task (Task 2) was
significantly higher than after the sensorimotor decision-making
task (Task 1) across all conditions [t(45) =−3.5, p = 0.001].
Task Performance
Participants providing faster reaction times (RTs) in Task 1 also
showed faster completion times in the motor trials of Task 2
[r(48) = 0.44, p = 0.002]. In contrast, RTs in Task 1 were not
associated with accuracy in Task 2.
DISCUSSION
The present study aimed at investigating if an increase in
body ownership over an avatar in an immersive virtual reality
training is associated with improved motor task performance.
Further, we aimed at identifying potential confounds introduced
by modulating embodiment using multisensory stimulation
— namely, congruency effects — on motor performance.
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FIGURE 4 | Results Block 2. (A) Means of the subscale body ownership (Q1–Q4) from embodiment questionnaire after Task 2 per condition. (B) Mean trajectory
error over all trials of Task 2 per condition. Higher values indicate lower accuracy. (C) Mean completion time divided by the path length over all trials of Task 2 per
condition. (D) Association of accuracy during Task 2 and BO-Task. Results in brackets represent data after removal of the outlier. C = congruent; IV = incongruent
visual; IH = incongruent haptic; OV = only visual, OH = only haptic. Error bars represent standard deviation. • p < 0.10. *p < 0.05.
Fifty healthy young participants experienced the virtual hand
illusion (VHI) while performing a sensorimotor decision-making
and a motor task in immersive virtual reality. Both tasks
were embedded in visuo-tactile stimulation modulating the
congruency and amount of sensory information.
Congruency of Information Enforces
Reaction and Completion Times
To disentangle potential confounds between body ownership
induction and congruency of information on motor performance
measures, we controlled for congruency effects by adding
unimodal conditions with hypothesized low body ownership.
We expected that participants in the congruent and unimodal
conditions would be faster in the sensorimotor decision-making
task and perform faster and more accurately in the motor task
compared to participants in the incongruent conditions, due to
the absence of competing information.
In line with our hypothesis, we found congruency effects
on reaction times and motor performance measures. In the
decision-making task (Task 1), reaction times in unimodal
conditions (only visual and only haptic) were faster than in
incongruent conditions of the corresponding sensory modality,
especially in the haptic modality. Similarly, incongruency of
visuo-tactile information was associated with slower performance
in the motor task (Task 2): participants in the incongruent
haptic condition needed more time to complete the task than
participants in the unimodal and congruent conditions. Our
results speak for a general improvement of motor performance
due to congruency effects, as the enhanced speed did not
come at the cost of decreased accuracy: participants in
unimodal/congruent and incongruent conditions all increased
the accuracy during the motor task (i.e., no interaction
effects between condition and trials were found). Reaction and
completion times may more closely reflect mental processing
speed than task accuracy — a variable previously shown to be
highly sensitive for congruency effects (e.g., Jensen and Rohwer,
1966; Naber et al., 2016).
Further, modality effects (i.e., visual vs. haptic conditions) may
have also affected the reaction times and motor performance
measures across conditions. Participants in incongruent and
unimodal conditions reacting to visual information were faster
than participants in the corresponding conditions responding
to haptic information. This is in line with research on the
visual dominance effect, demonstrating that visual stimuli are
prioritized over and faster processed than haptic and auditory
stimuli during bimodal presentation in healthy adults (e.g., Hecht
and Reiner, 2009). Body ownership over an artificial/virtual limb
may promote visual dominance to resolve multisensory conflicts.
In line with this notion, inducing body ownership illusion has
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been associated with an increased weighting of visual information
and attenuation of tactile information (Zeller et al., 2016; Isayama
et al., 2019). This could explain why in our sample with generally
high body ownership levels, participants in the incongruent
visual condition were not slower than participants receiving
congruent or only visual information, as opposed to the results
of Grechuta et al. (2017). Potential incongruency effects may
have been minimized due to the enhanced attention toward the
visual feedback. However, it is important to note that we did
not control for the timing between the visual appearance of the
brush and the felt brush stroking. It relied on the precision of
the researcher to press a button exactly when touching the finger
to initiate the visual finger stroking. Therefore, different timing
across modalities could confound the results.
Together, we partially confirm our hypothesis on an
improved performance due to congruency effects. We found
that participants in the unimodal conditions are faster in
the sensorimotor decision-making task and participants in the
congruent/unimodal conditions perform better in the motor
task than in the incongruent condition due to the absence of
competing information. Yet, and contrary to our expectations,
no congruency effects were found for task accuracy. It is possible
that participants performed rather quickly at the expense of
accuracy. Thus, in our immersive virtual reality training, it is
likely that congruency of information is the modulatory variable
accounting for differences in reaction times and performance
measures shown without different levels of body ownership
across conditions. Our results highlight the possibility that
previous studies reporting a link between body ownership and
behavioral measures may be confounded by congruency effects
that were induced by the body ownership illusion.
Body Ownership and Agency Are
Associated With Better Motor Task
Performance in Congruent and Unimodal
Conditions
We hypothesized that, due to the neuroanatomical coupling
between body ownership and the motor system, an increase
in body ownership may be used as a tool to boost motor
performance. Therefore, we performed correlation analyses
to study the relationship between the reaction times and
motor performance measures with reported body ownership
across conditions.
For the sensorimotor decision-making task (Block 1), we
found an association between the change of body ownership after
the task with the reaction times. Thus, we replicate previous
findings (Grechuta et al., 2017), but differently to previous
studies, we show that an increase in body ownership during
the task rather than the level of body ownership after the task
may facilitate sensorimotor decision-making. For the motor task
with the embodied virtual hand (Block 2), body ownership
and motor performance were correlated (p = 0.03), suggesting
increased task accuracy with higher levels of body ownership
if participants received unimodal or congruent information.
However, after the removal of one outlier participant, this
correlation did not remain.
Facilitated reaction times with increased body ownership
have previously been discussed to support the theory on a
functional coupling between motor brain areas and brain
areas involved in embodiment. According to this theory, body
ownership is not considered to be an exclusively perceptual
and/or subjective multimodal state but tightly coupled to systems
involved in decision-making and motor control (Grechuta
et al., 2017). Grechuta et al. (2017, 2019) propose that body
ownership is a by-product of consistent motor predictions and
feedback, underlining a bidirectional effect of body ownership
and performance. The higher the experienced level of body
ownership is, the better participants may plan and perform
their movements. In turn, the more accurately participants
perform the task, the higher may be the experienced level
of body ownership.
Further, we found significant correlations between agency
and completion time and task accuracy, i.e., a higher level
of reported agency was associated with faster movements and
higher accuracy for congruent and unimodal conditions. The
experienced agency over a movement may also depend on
motor predictions and feedback. By comparing the predicted
sensory outcomes of a motor command with the actual
feedback, a match leads to the feeling of being the actor of
the performance and, therefore, agency (Braun et al., 2018).
This additionally supports a bidirectional influence of motor
performance and embodiment.
However, it needs to be noted that our results on the motor
task (Block 2) are mainly explained by the data of one participant
who reported low levels of body ownership and agency and
presented lower tasks skills, i.e., more inaccurate and slower
task performance than the rest of (more-skilled) participants.
Body ownership and agency were not associated with task
performance in these relatively high skilled participants. One
explanation could be that the influence of embodiment on
motor performance may critically depend on the participant’s
skill level. Further, ceiling effects in the performance may have
canceled out small differences across body ownership in the
highly skilled group.
Further, another factor to consider are technical limitations
of HMDs. HMDs present a display lag, i.e., there is a difference
in the time between the participant’s head movement and the
generated change in the visual scene rendered on the HMD.
These display lags — noticeable by the user even at short
durations (< 20 ms) — were found to be associated with reported
severity of cybersickness (e.g., Feng et al., 2019; Palmisano et al.,
2020). Cybersickness refers to a constellation of adverse effects
often experienced during VR exposure, such as oculomotor
discomfort, disorientation or nausea (e.g., Palmisano et al.,
2017). Further, the decreased compatibility between visual and
non-visual sensory information (e.g., proprioceptive) induced
by display lags was also found to be associated with reduced
experiences of presence (e.g., Weech et al., 2019; Kim et al.,
2020). In VR literature, the sense of presence is most commonly
defined as the subjective experience of “being there” in the
virtual environment, as opposed to physically being situated
in the “real world” (e.g., Witmer and Singer, 1998; Skarbez
et al., 2017). Therefore, display lags may have raised discomfort
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in our participants and reduced their sense of presence in
the VE, limiting potential beneficial effects of embodiment on
task performance. Display lags may have especially impacted
the performance in the motor task, as in this task, head
movements were more likely carried out in order to follow
the paths than in the decision-making task, where participants
had to monitor the finger stroking. Future studies aiming at
quantifying display lags may help to disentangle such confounds,
for example, the difference in the participant’s virtual and
physical head orientation (DVP) has recently been suggested as
a reliable measure to predict perceptual and psychophysiological
consequences of multisensory conflicts in VR (Kim et al., 2020;
Palmisano et al., 2020).
Interestingly, incongruency of information seems to prevent
an association of body ownership and agency with motor
task performance. While a high level of embodiment may
be beneficial for motor performance in congruent stimulation
due to an enforced matching between perceived (virtual) and
executed movements, high levels of embodiment could have a
detrimental effect when the received stimulation is incongruent;
the higher the experienced level of embodiment over the virtual
hand, the stronger may be the mismatch between the perceived
(virtual) and executed movements, hampering performance. This
interpretation is in line with previous studies showing that motor
performance was more prone to interference effects (induced by
incongruence between the seen and the performed movement)
when the seen virtual hand was perceived as part of one’s own
body (Burin et al., 2019).
Together, our results suggest that enforcing body ownership
along with agency might be beneficial for motor task performance
if the received information is congruent. However, further
investigations are needed, especially with less-skilled participants
or challenging motor tasks.
First-Person Perspective Immersive
Virtual Reality Results in a High Level of
Body Ownership
We found high subjective levels of body ownership across all
conditions, i.e., independent of the visuo-tactile congruency
of information. Against our hypothesis, the subjective rating
of body ownership — assessed by means of an established
body ownership subscale (Longo et al., 2008) — after the
tasks did not differ between conditions. It is possible that
ceiling effects may have diminished potential differences in
body ownership across conditions since our experimental setup
enforced body ownership by fulfilling several criteria known to
top-down increase body ownership (Tsakiris, 2010): (i) first-
person perspective virtual reality (Slater et al., 2010; Petkova
et al., 2011), (ii) realistic appearance (Maselli and Slater, 2013)
and posture of the virtual limb (Tsakiris and Haggard, 2005;
Pritchard et al., 2016), and (iii) virtual limb connected to the
body (Perez-Marcos et al., 2012). Thus, our findings are in line
with previous notions stating that visuo-tactile stimulation might
not be necessary to induce and/or enhance body ownership in
first-person perspective immersive virtual reality (Maselli and
Slater, 2013; Kokkinara and Slater, 2014; Rubo and Gamer,
2019). Nevertheless, haptic stimulation may have other favorable
effects for motor learning and neurorehabilitation — e.g., for
proprioception training (Cuppone et al., 2016), to enhance
somatosensory information during neurorehabilitation (Gassert
and Dietz, 2018; Özen et al., 2021), or to promote more variable
tasks during training (Basalp et al., 2019).
Further, and in line with our hypothesis, subjective body
ownership levels were higher after the motor task (Block
2) than the decision-making task (Block 1). It is likely
that visuo-motor synchronies additionally enforced body
ownership independently of the conditions (Sanchez-Vives
et al., 2010), notably already at baseline. When entering the
second experimental block, participants tested the movement
of their virtual arm before motor task performance, resulting in
significantly higher subjective body ownership levels at baseline
of Block 2 than Block 1. Alternatively, carry-over effects from
Block 1 are also possible as participants stayed immersed in the
VE during the whole experiment.
Finally, the assessment of body ownership may critically
depend on the measures used. When comparing questionnaire
item Q6 “It seemed like the touch I felt was caused by the
paintbrush touching the virtual hand” — previously used to
assess body ownership by the group of Grechuta et al. (2017) –
we found significantly higher values in the congruent versus
incongruent conditions [C – IH: t(27) = 3.39, p = 0.006,
C – IV: t(27) = 2.67, p = 0.03], replicating previous findings
(Grechuta et al., 2017). However, this item is thought to reflect
the “location” dimensionality of embodiment rather than “body
ownership” (Longo et al., 2008). Further, this item may confound
congruency effects of visuo-tactile stimulation with the feeling
of body ownership.
In addition to the questionnaires, we implemented GSR as
an objective measure of body ownership. In contrast to previous
studies, we did not find associations with questionnaire-based
values (Armel and Ramachandran, 2003; Ferri et al., 2013;
Grechuta et al., 2017). This is in line with the finding that
experienced differences in body ownership may not be captured
by the GSR when the virtual limb is exposed to a threat, as this
may trigger a direct affective response that is independent of
body ownership, and instead, neutral impacts should be preferred
(Ma and Hommel, 2013).
Together, our results suggest high top-down induction of body
ownership over avatars in first-person perspective immersive VR
that is additionally enforced by visuo-motor synchronies of the
task. Further, our results imply that questionnaires assessing body
ownership should be selected carefully. Previous findings on the
influence of body ownership on motor performance may have
been confounded by the questionnaires used and congruency
effects across conditions.
Study Limitations
The findings of our study must be interpreted within the frame
of several limitations. First, the brush stroking of the fingers was
manually initiated and performed by the researcher. Even though
the same (trained) researcher performed the stroking — and
visual feedback was provided on a computer screen to indicate
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the correct timing — we did not control for the exact brush stroke
onset and stroking duration across conditions. Second, we did
not assess a baseline of motor performance in the motor task,
and therefore, some participants might have been more skilled
than others, regardless of being pseudo-randomly assigned to the
five conditions.
CONCLUSION
The goal of this study was to understand and disentangle how
body ownership and congruency of multisensory information
interact with motor performance in virtual reality. Our
results suggest that VR-based motor tasks providing congruent
(multi)sensory feedback and enforcing body ownership and
agency via visuo-motor synchronies may best support motor
training. The use of first-person perspective immersive VR may
simplify the implementation of efficient training environments
in (robotic) neurorehabilitation, as they strongly enforce
virtual embodiment independently of congruency of visuo-
tactile information.
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